Mitochondrial defects associated with respiratory chain complex I deficiency lead to heterogeneous fatal syndromes. While the role of NDUFS8, an essential subunit of the core assembly of the complex I, is established in mitochondrial diseases, the mechanisms underlying neuropathology are poorly understood. We developed a Drosophila model of NDUFS8 deficiency by knocking down the expression of its fly homologue in neurons or in glial cells. Downregulating ND23 in neurons resulted in shortened lifespan, and decreased locomotion. Although total brain ATP levels were decreased, histological analysis did not reveal any signs of neurodegeneration except for photoreceptors of the retina. Interestingly, ND23 deficiency-associated phenotypes were rescued by overexpressing the glucose transporter hGluT3 demonstrating that boosting glucose metabolism in neurons was sufficient to bypass altered mitochondrial functions and to confer neuroprotection.
. The fourteen subunits that form the catalytic core are conserved from bacteria to humans. Mutations in six mtDNAencoded (ND1 to 6) and thirteen nuclear-encoded (NDUFS1 to 8; NDUFV1; NDUFA1, 2, 9, 10, and 12) complex I subunits have been correlated with Leigh syndrome (Rodenburg, 2016) . Drosophila ND23 is homologous to the mammalian complex I subunit NDUFS8, also known as TYKY subunit (Porcelli, Barsanti, Pesole, & Caggese, 2007) . This subunit is highly conserved among species, with an 83% amino acid homology between Drosophila and humans, and is present in both prokaryotes and eukaryotes. It is also one of the 14 subunits that constitute the minimal complex I unit that is sufficient to support enzymatic activity indicating its functional importance. NDUFS8 contains two [4Fe-4S] clusters which are required for electron transfer (Procaccio et al., 1997) . A mutation affecting NDUFS8 was firstly described by Loeffen et al. (1998) and provided the first link between the reduced activity of complex I and Leigh syndrome.
We established Drosophila models for CID by specific downregulation of the ND23 subunit expression using RNA interference (RNAi) in glial cells or in neurons. As previously described, knockdown of ND23 in neurons causes shortened lifespan (Besson, Alegría, Garrido-Gerter, Barros, & Li evens, 2015) . In the present study, we showed that it induced behavioral alterations such as reduced locomotor performance and neuronal degeneration in eyes and mushroom bodies, without other histopathological features. To understand whether glial cells play a role in the neuropathology, we investigated the effect of ND23 RNAi expression in this cell type. We showed that while the survival and motor behavior of flies were not affected, we unexpectedly observed intense vacuolization using light and electron microscopy, indicating brain degeneration. We also observed numerous lipid droplets (LDs) accumulated mostly in cortex glia which surround neuronal cell bodies and in neuropile glia which enwrap neurites and synapses. We investigated the metabolic changes induced by CID by overexpressing the human glucose transporter hGluT3 and determined that it restores ATP levels, locomotion and survival in Drosophila expressing ND23 RNAi in neurons. Our data suggest that stimulating glucose metabolism might prove useful by overpassing respiratory chain deficiencies in neurons. However, in glial cells, lipid homeostasis seems altered since abundant LDs were present at the cortexneuropile border. ND23 knockdown in glial cells seems to preferentially alter lipid homeostasis, and consistently neurodegeneration and LDs accumulation were not rescued by hGluT3 overexpression. We describe here a novel Drosophila model of CID, which recapitulates the main features of human encephalopathies such as Leigh Syndrome, including neurodegeneration, shortened lifespan and motor disability.
| M A TE RI A L S A ND M E TH ODS

| Drosophila stocks
The different strains were obtained from the Bloomington Drosophila Stock Center (Bloomington, Indiana). The strain carrying the phosphofructokinase transgene (UAS-PFK; line #4) was kindly provided by C.S.
Thummel (Tennessen, Baker, Lam, Evans, & Thummel, 2011 ) and the UAS-perilipin-2::EYFP line by R.P. K€ uhnlein (Bi et al., 2012) . The hGluT3 flies were generated in Besson et al. (2015) . The ND23 RNAi line (v110797, P{KK102085}VIE-260B) was purchased from VDRC (Vienna, Austria). Flies w 1118 (BL5905) were used as wild-type controls. Flies were raised on standard cornmeal agar diet. All crosses were performed at 198C for egg laying. Developmental stages of crosses using the driver repo-GAL4 were conducted at 258C. In order to attenuate developmental effects, for all crosses using the driver elav-GAL4, the larval and pupal stages were raised at 198C, and only the adult life was conducted at 258C.
| Lifespan experiments
Adult female flies were collected within 24 hr of emergence in vials at a density of about 20 flies per vial and all adult flies were aged at 258C on standard food. The vials were changed three times per week and dead flies were scored every day. Survival curves were generated from two to four experiments performed in the same conditions and representative survival curves were shown.
| Locomotion assay
Locomotor performance was tested by the negative geotaxis test on different batches of flies at 1, 4, or 12 days of adulthood as described previously (Besson et al., 2015) . Flies were allowed to climb for 30 s.
The test was repeated three times for each batch of eight flies at 1-min interval between consecutive assays. The percentages of flies that reached the top of the column and of flies that remained at the bottom were separately calculated. Each experiment was repeated 3 times with 40-80 flies for each genotype.
| Pseudopupil analysis
Pseudopupil analysis (Franceschini & Kirschfeld, 1971) For LD density, data were presented as mean 6 SEM from three to five animals. To measure fluorescence intensities of the FasII staining, maximum intensity projections were generated with confocal stacks imaged using the same parameters. All lobes of mushroom body were defined by a region of interest, thresholded and fluorescence intensity measured using Image J. Four to six animals were used per condition.
| Histology and transmission electron microscopy
Adult fly heads were embedded as follow for optical and electron microscopy. At least, three animals were analyzed for each group.
Heads were dissected in cold PBS to remove the proboscis. Heads were fixed in a mixture of 2.5% glutaraldehyde, 2% paraformaldehyde, 
| Statistical analysis
All tests were performed with the GraphPad Prism software and P < .05 was considered to be significant. Survival curves were generated by using log-rank test. Two groups of data following a normal distribution were analyzed by unpaired two-sample Student's t test.
Instead, the non-parametric Mann-Whitney test was used when the assumption of normality was not possible. For multiple group comparisons, we used one-way ANOVA followed by Bonferroni's multiple comparison test or Dunnett's test for comparison to the same control.
The non-parametric ANOVA was tested when normality of the data was not verified. The expression of transgenic RNAi directed against ND23 subunit of complex I was achieved using the GAL4/UAS system (Brand & Perrimon, 1993 ). Since mutations in mitochondrial genes are known to cause early death, we analyzed the effect of complex I knockdown mediated by ND23 RNAi on Drosophila survival. Ubiquitous RNAi knockdown of ND23 by the driver actin5C-GAL4 at 198C led to larval/ pupal lethality with no escapers, indicating a critical vital role for this essential subunit. Next, we used the pan-neuronal driver elav-GAL4 to To test functional disability, we used negative geotaxis, a commonly used behavioral test in Drosophila. We revealed significant motor dysfunction in the neuronal ND23 knockdown flies 1 day post-eclosion with 58% of flies unable to climb (Figure 1c ). At 4 days, the locomotor performance was strongly reduced since only 1% of knockdown flies were able to climb to the top of the column versus more than 70% of control flies. Most of RNAi flies (78%) remained at the bottom and the others stayed along the column. We conclude that ND23 knockdown in fly neurons strikingly impairs locomotor activity.
To confirm that the abnormal phenotype of flies expressing ND23
RNAi in neurons was due to a direct pathological effect on mitochondrial function, we measured brain ATP content. After neuronal knockdown of ND23, ATP levels were significantly decreased (-28%) when compared with controls ( Figure 1d ). Since the large majority of Drosophila brain cells are neurons (Pfrieger & Barres, 1995; Awasaki, Lai, Ito, & Lee, 2008) , we predominantly detected neuronal ATP amounts in the adult fly brain. This may reflect an alteration of the proton gradient due to ND23 knockdown triggering a decrease in the overall respiratory chain functioning. Together, these data indicate that ND23 knockdown in neurons causes mitochondrial energy deficits and therefore leads to early fly death and locomotor defects, mirroring features frequently seen in human CID diseases.
| Neuronal expression of ND23 RNAi in flies induces degeneration in the retina and mushroom bodies
Next, we investigated the effect of the expression of ND23 RNAi in eyes by performing pseudopupil analysis. The well-characterized development of photoreceptor neurons in fly eyes is a powerful model for analyzing genes contributing to human neurodegenerative diseases.
Notably, the eyes of human patients suffering Leigh syndrome are experiments. Error bars represent SEM; *P 5 .014 for unpaired t test affected with optic atrophy or retinitis pigmentosa (Distelmaier et al., 2009; Assouline et al., 2012) . In 1 day-old knockdown flies, the ommatidia presented no obvious defects, and 90% possessed seven rhabdomeres per ommatidium with the typical trapezoidal organization ( Figure   2a ,b). However, in 4 day-old flies, the eyes of the knockdown flies displayed only 5% of normal ommatidia. In the majority of ommatidia, one to six photoreceptors were missing, leading to aberrant morphological feature of ommatidia (Figure 2a,b) . The neurodegeneration then progressively spread so that, by day 12, photoreceptors became hardly distinguishable ( Figure 2a ). These data indicate that neuronal knockdown of ND23 induces severe and progressive loss of photoreceptor neurons. We also noted that at 20 days of adult life, but not at 4 days, large vacuoles were present in the retina sections in addition to the ommatidia disorganization (Figure 2c ).
To assess whether neurons in the central nervous system were also vulnerable to CID, we performed histological studies on the brain and optic lobes. In the fly brain, the neuronal and glial cell bodies are located in cortical regions, and the neuronal soma and axons are wrapped by glial cell processes. The distinct neuropile regions contain intermingled processes of neurons, glia and synaptic connections. We observed no obvious brain abnormalities using toluidine blue staining on young (4 days) and old (20 days) knockdown animals compared with controls ( Figure 3a-d ). In the same manner, the synaptic network downstream of the photoreceptors appeared intact on histological sections of the optic lobes (not shown).
To determine whether the ND23 RNAi expression in neurons of the fly central brain lead to discrete neuronal loss, we analyzed the structure of mushroom bodies using immunostaining for Fasciclin II (FasII). Mushroom bodies are an associative area into the central brain controlling complex behaviors such as locomotion or learning and memory (Crittenden, Skoulakis, Han, Kalderon, & Davis, 1998) and are highly vulnerable in Drosophila models of neurodegenerative diseases (Agrawal et al., 2005) . Axonal projections of the mushroom body form distinct lobes, which could be evidenced by FasII immunostaining (Pech et al., 2013) . As illustrated in Figure 3e ,f, the morphology of the differ- Photoreceptor frequency diagram at 1 and 4 days post-eclosion with ND23 RNAi (black bars), and control (w
1118
; gray bars) under the control of elav-GAL4. Statistical significances on photoreceptor frequency distributions were determined by Mann-Whitney test (at day 1, P > .05; at day 4, P 5 .0139). (c) Histology of ND23 RNAi-expressing retina using toluidine blue staining shows small rare vacuoles (arrow) at 4 days of adult life. At 20 days, the retina developed larger vacuoles (arrows). Scale bar: 25 mm [Color figure can be viewed at wileyonlinelibrary.com] knockdown flies when compared with controls ( Figure 3g ). This may suggest discrete axonal loss caused by the ND23 RNAi or altered axonal homeostasis.
| Glucose transporter overexpression rescues the alterations induced by neuronal ND23 knockdown
To investigate the impact of cellular metabolism deregulation in the neuropathology, we tested whether the increase in glucose metabolism could be beneficial. Indeed, we previously observed that the overexpression of the human glucose transporter hGluT3 is able to suppress the lethality induced by the ND23 RNAi (Besson et al., 2015) . We ND23 RNAi and hGluT3 indicating that the rescue was transient.
Finally, we found that overexpression of hGluT3 in neuronal knockdown fly heads restored ATP at the same level than in control flies (Figure 4d) . These data suggest that increasing glucose transport might enhance glycolysis and compensate for ATP depletion in ND23 knockdown flies. To test this hypothesis, we investigated whether the ratelimiting enzyme of glycolysis, the phosphofructokinase (PFK), may have a beneficial effect (Tennessen et al., 2011) . We showed that overexpressed PFK transcript levels were significantly increased (with a threefold increase as analyzed by RT-qPCR) versus the endogenous PFK level in neuronal knockdown flies (Figure 5a) . Moreover, the endogenous PFK levels were not statistically different in neuronal knockdown flies in the presence or absence of the hGluT3 transgene (Figure 5a ).
The survival of the PFK overexpressing-flies (mean survival of 32.5 days) did not increase when compared with ND23 RNAi flies (Figure 5b) and PFK overexpression did not rescue the photoreceptor loss in the eyes (Figure 5c,d ). In conclusion, enhancing glucose metabolism by increasing glucose up-take in ND23 knockdown flies rescues neuronal alterations by a mechanism which might be independent of glycolysis.
| ND23 knockdown in glia induces a degenerative phenotype
Since glial alterations are known to promote neurodegeneration in several disorders (Lobsiger & Cleveland, 2007; Colodner & Feany, 2010) , we investigated whether glial complex I deficiency could play a role in CID. We used repo-GAL4 as a glial driver to express ND23 RNAi in all types of glial cells.
We first performed histological studies on brain sections stained with toluidine blue. In contrast to the results obtained with the neuronal driver, we observed a massive vacuolization throughout the cortical regions of the brain and optic lobes at 4 days of the adult life ( Figure   6b1 ,b2). Vacuoles with contents presenting different staining intensities by toluidine blue were observed in the brain of 20 day-old glial knockdown flies (Figure 6e1,e2 ). In addition, we noted many dark spheroid deposits at the border of the cortex and the neuropile, suggesting the presence of LDs (Figure 6b2 ). At 20 days, these deposits were also found within neuropile structures (Figure 6e1 56% of control and 49% of knockdown flies having reached the top of the column. Intriguingly, these data showed that, while the glial-specific ND23 knockdown causes severe damage in the fly brain, it does not lead to a significant behavioral dysfunction, in contrast to the phenotype induced by neuronal specific knockdown.
| ND23 knockdown in glia induces perturbation of lipid metabolism homeostasis with lipid droplet accumulation
To determine whether the dark spheroid deposits observed on toluidine blue sections were LDs, we performed neutral lipid staining with Nile Red (not shown) or Bodipy on dissected fly brains that were imaged by confocal microscopy. In control animals, we observed few LDs scattered throughout the cortical areas of the brain, where neuron and glia soma are located (Figure 7a1 -a3), as described by Kis, Barti, Lippai, and Sass, (2015) . In the brain of ND23 RNAi-expressing glia, we observed that LDs were much more numerous than in controls and massively accumulated at the cortex-neuropile boundary (Figure 7b1-b3) . Strikingly, at 4 days, glia expressing ND23 RNAi elicited approximately a five-fold increase in the number of LDs (Figure 7d) . Moreover, the LDs displayed larger size in glial ND23 knockdown flies than in controls (compare Figure b3 with a3) . Although most of the LDs had an area <3 mm 2 in controls (69%), larger LDs were frequently found in ND23 RNAi-expressing glia (63% with an area >3 mm 2 ; Figure 7e ). This strong increase in the size of LDs in the brain of flies with glial ND23
RNAi expression suggests that LDs may grow by the concomitant addition of phosholipids at the LD surface and triacylglecerols within the core or they may tend to fuse together.
Next, we examined the localization of ectopic EYFP-tagged perilipin-2, a protein specifically located at the LD monolayer membrane (Bi et al., 2012; K€ uhnlein, 2011; Miura et al., 2002) . Using the glial driver repo, we found that immunofluorescence for YFP revealing perilipin-2 was localized as a coat of LDs in the brain (Figure 7f1,f2) . In flies expressing ND23 RNAi in glia, the perilipin-2 positive LDs were much more abundant (Figure 7g1 ,g2) with a similar distribution pattern than that obtained with Bodipy staining. These data are in accordance with the distribution of perilipin-2 in the region of cortex glia (Kis et al., 2015) . Using the neuronal driver elav, perilipin-2 was faintly detected in control flies (Figure 7h ) and in flies expressing ND23 RNAi (Figure 7i ).
In conclusion, we showed using two lipid probes Nile Red and Bodipy a strong accumulation of LDs induced by glial ND23 knockdown cells and we demonstrated that the LDs are located in glial cells using ectopic perilipin-2 expression under the control of the glial driver repo.
These data indicate that lipid metabolic pathways are altered in relation with mitochondrial dysfunction in glial cells.
| Ultrastructural analysis of brain with neurons or glia expressing ND23 RNAi
Next, we examined at the ultrastructural level the brain alterations predominantly localized at the border between the cortex and neuropile. As expected, LDs were seen in the cytoplasm of glial cells ( Figure   8d1 ,d3), which present electron-dense nuclei and cytoplasmic processes (Buchanan & Benzer, 1993) . We observed that 85% of LDs were unambiguously localized in glial cells, 1% in neurons, and 14% were not clearly attributed to any cell type in the vicinity of neuronal soma or processes (3 brains, 50 images, 97 LDs). These LDs were sometimes associated with mitochondria ( Figure 8d2 ) or with vacuoles ( Figure   FIG URE 7 Glial knockdown of ND23 induces accumulation of lipid droplets in the brain. (a1-c3) Bodipy 493/503 staining of LDs in control brain (repo>w 1118 ; a1-a3), and in the brain of flies with glial expression of ND23 RNAi (repo>ND23 RNAi; b1-b3) or ND23 RNAi and hGluT3 (c1-c3). Representative stacks of eight confocal images (1 mm interval) at 4 days are taken at different brain depth levels: near the anterior face showing the antennal lobes (AL; a1, b1, and c1), and more deeply as noted by the presence of the ellipsoid body (EB; a2, b2, and c2). Bodipy-positive puncta (green) are highly enriched in repo>ND23 RNAi and in repo>ND23 RNAi; hGluT3 brains. At high magnification (a3, b3, and c3), single confocal section shows green puncta labeled by Bodipy surrounding the neuropil in the glial ND23 RNAi brain (b3) and when the hGluT3 transgene is present (c3), whereas only few puncta are seen in the control (a3). . Anti-GFP immunostaining shows sparse plin-2-positive LDs in the control repo>plin-2:: YFP brain (f1 and f2) and numerous LDs in the brain with glial ND23 knockdown (repo>ND23 RNAi, plin-2::YFP; g1 and g2) at 4 days. At high magnification (f2 and g2), plin-2 is visualized as GFP fluorescent rings surrounding LDs. (h and i) Confocal stacks showing that YFPtagged perilipin2 is not detected in elav>plin-2::YFP (h) and elav>ND23 RNAi; plin-2::YFP (i) brain. Scale bars: 50 mm in a1-c2, f1, g1, h, i; 20 mm in a3-c3; 10 mm in f2 and g2 [Color figure can be viewed at wileyonlinelibrary.com] 8d3). In conclusion, we propose that glial downregulation of ND23 causes abnormal formation of vacuoles and LDs, which leads to the degenerative phenotype in these flies.
3.7 | Glucose transporter overexpression does not rescue the degenerative phenotype induced by glial ND23 knockdown
Having observed that the hGluT3 overexpression rescues the lethality and locomotor defects induced by complex I deficiency in neurons, we tested whether it may also have a beneficial effect in glial cells. We still observed an intense vacuolization in the brain of flies expressing hGluT3 (repo > ND23 RNAi; hGluT3 genotype) on semi-thin sections (Figure 6c1,c2) . We noticed that LDs accumulated as dark puncta at the border with the neuropile (Figure 6c2 ) as observed in glial ND23 knockdown (Figure 6b2) . Using Bodipy staining, we observed that LDs accumulated in the brain overexpressing hGluT3 in glia (Figure 7c1-c3) .
Their density and size were similar to that of repo > ND23 RNAi (Figure   7d ,e). Thus, increasing glucose up-take does not rescue the neurodegenerative phenotype associated with glial knockdown of ND23.
| D ISC USSION
In this study, we show that knockdown of ND23, the homologue of NDUFS8, in Drosophila brain recapitulates key features of mitochondrial implicated in Drosophila models of complex I subunit loss (Hegde et al. 2014; Liu et al. 2015) .
We show that ATP production is decreased by 28% in neuronal knockdown brain. At first glance, this decrease does not involve immediate and irreversible damage in the brain and seems to be in the same range than that described in other fly and mouse CID models (Leong et al., 2012; Burman et al., 2014) . Mutation of complex I may induce a compensatory up-regulation of the complex II-dependent respiratory capacity as analyzed by microarrays in C. elegans and human (Crimi, O'hearn, Wallace, & Comi, 2005; Falk et al., 2009) . Intriguingly, the inability to produce high amounts of ATP in neurons, inducing cumulative detrimental effects, is reversed by genetic manipulation of hGluT3.
However, this rescue by glucose entry may not be mediated by an upregulation of the glycolysis which is dispensable in neurons (Halim et al., 2010; Volkenhoff et al., 2015) . It is known that glucose metabolic disturbances are implicated in neurodegenerative disease progression (Senatorov, Charles, Reddy, Tagle, & Chuang, 2003; Ding, Yao, Rettberg, Chen, & Brinton, 2013) . As suggested by studies in mice or flies, cells with defective mitochondria could shift from metabolic activity of the respiratory chain to other types of energetic pathways. They use fatty acid b-oxidation, glycolysis or protein catabolism due to transcriptional dysregulation of genes affecting the diverse metabolic processes (Crimi et al., 2005; Fern andez-Ayala et al., 2010; Celotto, Chiu, Voorhies, & Palladino, 2011) . Indeed, metabolomic analysis of mitochondrial disease models associated with cytochrome oxidase deficiency (Vartiainen et al., 2014; Kemppainen et al., 2016) , or ATP synthase mutation (Celotto et al., 2011) that are impacting respiratory complexes shows a switch to glycolysis for ATP production. In ND23 knockdown, the increased glucose entry due to transporter overexpression may likely trigger a compensatory metabolic pathway. We show that overexpression of the glycolysis rate-limiting enzyme PFK has no effect on survival or photoreceptor degeneration. (Niccoli et al., 2016) .
In contrast to neuronal knockdown, glial-specific ND23 knockdown does not lead to early lethality or behavioral dysfunction but strongly affects nervous system integrity. shown in experimental models of cellular stress such as nutrient deprivation (Cabodevilla et al., 2013) and in metabolic or mitochondrial diseases (Greenberg et al., 2011; Bayat et al., 2012; Golla, Ren, Malloy, & Pascual, 2017) . In flies, excessive LD levels were detected as signs of disturbed lipid metabolism in several models of mitochondrial dysfunction (Navarro et al., 2010; Kishita, Tsuda, & Aigaki, 2012; Schulz et al., 2015) . In the report of Liu et al. (2015) , knockdown of the ND42 com- localized within glial cells. In contrast, it has been described that accumulation of excess fatty acids in cellular triacylglyceride stores may be protective against lipotoxicity (Listenberger et al., 2003; LoganGarbisch et al., 2014) . Moreover, from our analysis, it seems that triacylglycerides accumulated into LDs are unsaturated lipids due to their high affinity for osmium tetroxide (De Martino, Natali, Bruni, & Accinni, 1968; Digel, Ehehalt, & F€ ullekrug, 2010; Fujimoto et al., 2013) . In our conditions, the LDs appear as dark homogenous bodies, although they have often reported as grayish round structures (Kis et al., 2015) . This variability in the electron density of the LD content may be explained by sample preparation but also by the nature of internalized lipids (Fujimoto & Parton, 2011; Fujimoto et al., 2013) . Thus, we hypothesize that the darkness of LDs in glial ND23 knockdown brains might indicate a lipid composition different from the LDs described by Kis et al. (2015) in wild-type Drosophila brain, possibly reflecting a different metabolic state. Unsaturated lipids located into the LDs could be protected from peroxidation reactions. Indeed, the LD core could provide a protective environment that reduces peroxidation of unsaturated fatty acids to limit oxidative damages. Such a role of LDs has been described by Herms et al. (2013) and also reported in Drosophila for protecting glial cells but also neighboring neuroblasts (Bailey et al., 2015) . Therefore, the glial LDs induced by mitochondrial alteration may reflect a compensatory mechanism.
Glial ND23 knockdown induces the formation of numerous vacuoles that were mainly observed in the brain cortical regions, which house cortex glial cells and neuronal cell bodies (Hartenstein, 2011 ).
This could be related to the specific function of cortex glia or to their increased susceptibility to mitochondria dysfunction compared with the other glial cell types. As glia display phagocytic function (Doherty, Logan, Tasdemir, & Freeman, 2009 ), we hypothesize that ND23 RNAiexpressing cortex glial cells may also phagocyte neighboring neurons becoming dysfunctional. Vacuoles are not detected in the brain of neuronal ND23 knockdown, indicating that their presence is specific to the expression of glial ND23 RNAi. Moreover, we never observed fragmented nuclei nor cytoplasm lysis indicative of cell death and no phagophore formation allowing autophagy to proceed. In semi-thin sections, all vacuoles have a clear content in young flies, but some vacuoles appear filled with amorphous substrate at 20 days. This is consistent with electron microscopy analysis, which reveals variably sized vacuoles delineated by a single monolayer membrane, containing scarce electron-dense material or undigested membrane debris. Such vacuoles have been described in a variety of Drosophila mutants associated with neurodegeneration (Buchanan & Benzer, 1993; Min & Benzer, 1997; M€ uhlig-Versen et al., 2005; Dutta, Rieche, Eckl, Duch, & Kretzschmar, 2015; Sivachenko et al., 2016) . This strengthens the concept of the conserved nature of degenerative pathways between diverse genotypes. Recent reports point out that interacting degenerative pathways are induced in neurons and glia using different Drosophila models of CID, including knockdown for ND75, the homologue of NDUFS1 and ND42, the homologue of NDUFA10 (Hegde, Vogel, & Feany, 2014; Liu et al. 2015) . Strikingly, we show that, using cell-type specific ND23 knockdown, behavioral alteration and organismal toxicity are not correlated with histological features of neurodegeneration such as vacuolization or accumulation of LDs and vice versa. In addition, overexpression of the human glucose transporter hGluT3 is able to rescue the lethality and locomotor defects induced by CID in neurons, whereas it has no effect on vacuolization and accumulation of lipid droplets in glial cells. The link between increased lipid amounts and CID is still elusive and therefore, whether the formation of LDs in glia may have a protective role or actively participate to neurodegeneration in CID deserves further careful investigations.
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